Dengue is the most prevalent arboviral disease of humans. The host and virus variables associated with dengue virus (DENV) transmission from symptomatic dengue cases (n = 208) to Aedes aegypti mosquitoes during 407 independent exposure events was defined. The 50% mosquito infectious dose for each of DENV-1-4 ranged from 6.29 to 7.52 log10 RNA copies/mL of plasma. Increasing day of illness, declining viremia, and rising antibody titers were independently associated with reduced risk of DENV transmission. High early DENV plasma viremia levels in patients were a marker of the duration of human infectiousness, and blood meals containing high concentrations of DENV were positively associated with the prevalence of infectious mosquitoes 14 d after blood feeding. Ambulatory dengue cases had lower viremia levels compared with hospitalized dengue cases but nonetheless at levels predicted to be infectious to mosquitoes. These data define serotype-specific viremia levels that vaccines or drugs must inhibit to prevent DENV transmission.
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infectious disease | virology | entomology D engue is globally the most important mosquito-borne viral disease of humans, with a global burden of ∼100 million cases per annum (1, 2) . Aedes aegypti mosquitoes are the primary mosquito vectors of dengue viruses (DENV), of which there are four virus types (DENV-1-4). Multiple factors influence the likelihood of infection and dissemination of DENV in Ae. aegypti and include the amplitude of daily temperature fluctuations (3), mean temperature (4) , and the genotype of mosquito and virus (5) , among others (6) . The extrinsic incubation period (EIP), a critical determinant of vector competence (7, 8) , is widely accepted to be 7-14 d for DENV in Ae. aegypti, although a recent modeling analysis of historical DENV transmission data has suggested a wider range of 2-15 d at 30°C (9) . A major caveat to many of these observations is that they stem from laboratory experiments with artificially generated virus-spiked blood meals and often in-bred colony mosquitoes.
The temporal and virological variables associated with the transmission of DENV from a naturally infected human to a biting Ae. aegypti mosquito are poorly understood. Natural history studies of experimental DENV infection of small cohorts of human volunteers in the 1920s by Siler et al. (10, 11) , likely using DENV-4 (12) , and subsequent studies by Simmons et al. (13) , likely using DENV-1 (12) , suggested that the window of time before the onset of clinical symptoms that DENV-1 or DENV-4 could be transmitted to Ae. aegypti mosquitoes was 6-18 h or 2 d, respectively (14) . After fever onset, the duration of infectiousness was 4-5 d for DENV-1 and up to 2 d for DENV-4, with an EIP in the mosquito of 10 d or more. Consistent with this, mosquitobiting studies by Gubler et al. in the 1960s (15-18) collectively estimated that dengue cases were infectious for 4-5 d after illness onset (range, 2-12 d). The human viremia level required to infect Ae. aegypti mosquitoes is unknown, and therefore it is uncertain what percentage of symptomatic (or asymptomatic) dengue cases are infectious to mosquitoes or for how long they are infectious. It is also unknown whether the human viremia level at the time a mosquito takes a blood meal influences the EIP and therefore the probability of onward DENV transmission in the lifespan of the mosquito.
A better definition of the variables associated with humanto-mosquito DENV transmission can inform the development of successful dengue vaccines or antiviral drugs by identifying the level to which viremia resulting from a natural DENV infection should be suppressed. Similarly, analysis of immune responses that reduce human infectiousness during acute dengue might help in understanding immunity. To these ends, the aim of the present study was to define host and viral parameters that shape transmission of DENV from naturally infected humans to Ae. aegypti mosquitoes.
Results
Human to Mosquito Transmission: Duration of Human Infectiousness and the 50% Mosquito Infectious Dose. Between April and December 2011, 210 adult dengue cases with ≤72 h of fever were enrolled and experimentally exposed to field-derived Ae. aegypti mosquitoes on two randomly allocated days during their first 4 d in the study. The patient enrollment flowchart, with mosquito exposure and engorgement frequencies, is shown in Fig. S1 . The final evaluable cohort comprised 208 DENV viremic patients, from which there were 407 independent mosquito exposure events. Experimental exposure to Ae. aegypti was well tolerated; no patient had a severe adverse event, and only one patient had a moderate, transient local hypersensitivity response that led the study physician to withdraw them from the study. All other hypersensitivity responses at the site of mosquito exposure were clinically unremarkable. The baseline characteristics of the patients at the time of enrollment are shown in Table 1 . DENV-1 and DENV-2 were responsible for 38% and 40% of the viremic dengue cases, respectively. Phylogenetic analyses of envelope (E) gene sequences from these viruses identified the DENV-1 as genotype 1 viruses and the DENV-2 as predominantly from the Asian 1 lineage, with a small minority of Cosmopolitan genotype viruses (Fig. S2) . All blood-fed mosqui- toes were incubated for 12 d in conditions reflecting the mean temperature and relative humidity inside residential houses in Ho Chi Minh City (HCMC) during the rainy, high DENV transmission season (Fig. S3) .
The likelihood of successful human to A. aegypti transmission of DENV, detected by RT-PCR of individual mosquito abdomens, was coincident with the kinetics of plasma viremia and overall corresponded to the patient's febrile period, with few transmission events occurring after the clinically observed day of defervescence (Fig. 1) . Using day of illness (DOI) as a reference, human to mosquito transmission seldom occurred beyond 5 d after illness onset (Fig. S4) . The 50% mosquito infectious dose (MID 50 ) for each serotype was estimated by comparison of the DENV plasma viremia level (copies/mL) at the time of each exposure with the proportion of DENV-infected A. aegypti in the corresponding cohort of blood-fed mosquitoes (Fig. 2) . The estimated log 10 MID 50 [±95% confidence interval (CI)] was similar for DENV-1 (6.51 ± 0.33 log10-copies/mL) and DENV-2 (6.29 ± 0.23 log10-copies/mL) and ∼10 times higher for DENV-3 (7.52 ± 0.59 log10-copies/mL) and DENV-4 (7.49 ± 0.63 log10-copies/mL). Pairwise comparisons of whether the log10-patient-viremia-transmission associations differed by serotype indicated that DENV-1 and DENV-2 (P = 0.16), as well as DENV-3 and DENV-4 (P = 0.93), showed similar associations but that DENV-1 and DENV-2 show highly significantly different associations from DENV3 and DENV4 (all pairwise P < 0.0001) (Fig. 2) . These data define the duration of human infectiousness from illness onset and the 50% infectious dose for Ae. aegypti for specific genotypes of DENV-1-4 via the natural route of infection.
Human Virological and Immunological Variables Associated with
Successful Human to Ae. aegypti Transmission. In univariate analyses (Table S1 ), increases in the patient's tympanic temperature or plasma viremia level were associated with a higher probability of DENV transmission. Other summary measures of viremia, such as the average slope of the viremia curve and the area under the curve, were not associated with DENV transmission. Conversely, increases in DOI, IgM, and IgG titers to recombinant E protein ectodomain or recombinant E domain III were associated with reduced likelihood of transmission. In multivariable regression analysis only data from DENV-1 and DENV-2 infections were considered (161 patients, 313 exposure events); DENV-3 and -4 were excluded because they had much higher MID 50 values and there were fewer cases infected with these virus types. A higher viremia level at the time of exposure was independently associated with a greater likelihood of DENV-1 or DENV-2 transmission (Table 2) . Conversely, higher DENV-reactive IgM levels, or higher IgG titers to serotype-matched recombinant E domain III, were independently associated with a reduced likelihood of transmission (Table 2) . Each additional DOI was also independently Table 1 . Characteristics of the 208 dengue cases that were exposed to Ae. aegypti on 407 independent occasions Fever day Proportion of infected mosquitoes associated with a reduction in transmission risk (Table 2) , suggesting factors other than those measured here also contributed to reduced risk of DENV transmission.
Early Plasma Viremia Levels Are Associated with the Duration of Infectiousness to Ae. aegypti. Because the plasma viremia level at the time of mosquito exposure was an important determinant of DENV transmission (Table 2) , the extent to which the patient's first recorded viremia level determined the likelihood of transmission at a later time point was examined. Of the 407 exposure events, 276 exposures took place ≥1 d after the enrollment day. After adjusting for serotype, DOI at enrollment and DOI at exposure, each +1 log10-copies/mL higher plasma viremia level at the time of enrollment was significantly associated with an overall greater probability of human to mosquito transmission on a subsequent day; overall odds ratio (OR) 1.94 (95% CI 1.50-2.51; P < 0.0001). This effect diminished with time since enrollment; for exposures 1 d after enrollment only, OR 2.45 (95% CI 1.73-3.48; P < 0.0001), for exposures 2 d after enrollment only, OR 1.82 (95% CI 1.34-2.48; P = 0.0001), and for exposures 3 d after enrollment only, OR 0.94 (95% CI 0.39-2.25; P = 0.88). These data provide evidence that dengue cases with high early DENV viremia levels have relatively longer durations of infectiousness to Ae. aegypti.
DENV Plasma Viremia Levels and the Phenotype of DENV-Infected
Ae. aegypti. The outcome for Ae. aegypti that imbibe blood meals with high DENV viremia levels was examined in further detail. First, a significant positive correlation was observed between plasma viremia at the time of Ae. aegypti feeding and the concentration of DENV RNA in infected mosquito abdomen tissues measured 12 d later (Fig. S5 ), indicating that highly viremic blood meals led to more severe infections of the mosquito body. To explore whether highly viremic blood meals also influenced the prevalence of mosquitoes having infectious saliva, a laboratory assay was refined, and an additional 72 dengue cases were prospectively enrolled and exposed to Ae. aegypti on 113 occasions. The baseline features of this patient cohort are described in Table  S2 . A significant positive association (OR 2.02; 95% CI 1.53-2.67; P < 0.0001) was observed between the DENV plasma viremia level at the time of mosquito exposure and the proportion of blood-fed Ae. aegypti that had saliva containing infectious virus 14 d after blood-feeding (Fig. 3) ; there was no clear evidence that the strength of this association differed by serotype (interaction test: P = 0.13). Collectively, these data underscore the importance of high DENV plasma viremia levels; they serve as a marker of the duration of infectiousness and also the likelihood of a blood-fed mosquito becoming infectious within 2 wk of blood-feeding.
Viremia Characteristics in Hospitalized vs. Ambulatory Dengue Cases.
The preceding viremia-transmission data were from 208 hospitalized patients, and it was uncertain whether ambulatory dengue cases, a major clinical subgroup, would have similar viremia profiles. Plasma viremia levels were therefore measured in a cohort of 262 dengue cases consecutively enrolled at an outpatient clinic at the Hospital for Tropical Diseases (HTD) (cohort details in Methods), of which 189 cases were managed according to the prevailing standard of care as ambulatory patients. Absolute viremia levels at the time of enrollment and the proportion of patients with viremia levels exceeding the MID 50 were significantly lower in ambulatory cases with DENV-1, -2, or -3 infections compared with hospitalized cases (Table 3 ). Nevertheless, among ambulatory patients 79% of DENV-1, 75% of DENV-2, and 32% of DENV-4 cases had viremia levels at the time of enrollment that exceeded the relevant MID 50 values ( Table 3 ). The duration of viremia was similar between ambulatory and hospitalized dengue cases (Fig. S6) . Thus, a substantial proportion of symptomatic ambulatory dengue cases have viremia characteristics that strongly suggest they are infectious to Ae. aegypti for 1-3 d after they first seek health care. Plasma viremia (log10−copies/ml) Proportion of blood−fed mosquitoes with DENV infection Fig. 2 . Dose-response scatterplots of plasma viremia vs. the proportion of mosquitoes with DENV-infected abdomens after feeding on 208 hospitalized dengue patients. Each dot point shows the proportion of all mosquitoes that took a blood meal during an exposure event and had DENV-infected abdomens 12 d later vs. the corresponding plasma viremia in the patient at the time of mosquito exposure, stratified by serotype. The graphs show the estimated associations (blue lines) with pointwise 95% confidence intervals (gray shaded areas) based on marginal logistic regression. Serotype-specific associations between the odds of abdomen infection and viremia were DENV1: OR 3.93 (95% CI 2.89-5.33; P < 0.001), DENV2: OR 5.48 (95% CI 3.81-7.90; P < 0.001), DENV3: OR 2.61 (95% CI 1.48-4.58; P < 0.001), and DENV4: OR 2.30 (95% CI 1.65-3.21; P < 0.001) per +1 log10-copies/mL increase in viremia. Discussion Human-to-mosquito transmission of arboviruses is a critical but poorly understood step in their epidemiological cycle. Here, the MID 50 was defined with high precision for DENV-1 and -2 and, to a lesser extent, for DENV-3 and -4. Strikingly, there was twofold importance to patients with high early plasma viremia levels: such cases were infectious for longer, and Ae. aegypti that fed at times corresponding to high plasma viremia levels were more likely to have infectious saliva 14 d later. These findings were generalizable to ambulatory dengue patients being managed at the primary health care level given the similarities in viremia characteristics. The MID 50 for DENV-1 and DENV-2 was lower than for DENV-3 and DENV-4. This may reflect relatively lower infectiousness of DENV-3 and DENV-4 for Ae. aegypti mosquitoes in this setting and/or a higher ratio of noninfectious to infectious virus particles in plasma. Additionally, a much higher proportion of ambulatory patients with DENV-1 or DENV-2 infections had viremia levels that exceeded their respective MID 50 values when they first presented for health care (Table 3 ). These characteristics suggest that in the confines of the study setting and time period DENV-1 or -2 should be more prevalent in the community in comparison with DENV-3 or -4. Accordingly, virus surveillance in southern Vietnam indicates DENV-1 and -2 have accounted for a large majority of the dengue case burden over the last decade (19), although we recognize that multiple other factors determine the prevalence of DENV serotypes in endemic settings.
The results of this work address knowledge gaps in the understanding of DENV transmission dynamics and thus support mathematical models of dengue epidemiology that can themselves inform how to optimally use interventions such as dengue vaccines (20) . The serotype-specific MID 50 viremia estimates defined in this study are summary measures, and other factors such as day of illness and serological response independently influenced the probability of DENV transmission. Further studies are needed to dissect out the relative roles and specificities of the anti-DENV IgM and IgG antibody populations that appear during acute infection and that presumably play a pivotal role in reducing the infectiousness of viremic humans to mosquitoes. Nonetheless, the dose (viremia) response (mosquito infection) curves described here provide a helpful reference point for vaccines and antiviral drug interventions. In clinical trials of therapeutic antiviral dengue drugs (21), the MID 50 or similar estimates (e.g., MID 10 ) could be used as trial endpoints on the basis that they represent a threshold that a drug must rapidly accelerate viremia below to attenuate the duration of infectiousness. Similarly, prophylactic antiviral drugs or vaccines must prevent natural infection from attaining viremia levels that are infectious to Ae. aegypti, and the data provided here help define these viremia thresholds.
The probability of a DENV viremic human contributing to transmission depends on whether, and for how long, the individual is infectious to Ae. aegypti and the resulting EIP in those blood-fed mosquitoes. Our findings suggest that dengue cases with high early viremia levels have a longer window of infectiousness relative to patients with lower viremia levels and thus may "over-contribute" to the population of DENV-infected mosquitoes in a given setting. Additionally, we observed a positive relationship between the Plasma viremia (log10−copies/ml) Proportion of mosquitoes positive on day 14 in saliva Fig. 3 . Dose-response scatterplots of plasma viremia vs. the proportion of mosquitoes with infectious saliva after feeding on 72 hospitalized dengue patients. Each dot point shows the proportion of all mosquitoes that took a blood meal during an exposure event and had saliva containing infectious DENV 14 d after blood-feeding vs. the corresponding patient's plasma viremia at the time of exposure, stratified by serotype. Each dot represents one mosquito exposure, and the size of the dot is proportional to the number of mosquitoes assessed (ranging from 2 to 17). Serotypespecific associations between the odds of saliva positivity and viremia were DENV1: OR 1.47 (95% CI 0.96-2.711; P = 0.08), DENV2: OR 2.53 (95% CI 1.75-3.65; P < 0.0001), DENV3: OR 1.69 (95% CI 1.09-2.60; P = 0.02) and DENV4: OR 2.77 (95% CI 1.68-4.55; P < 0.0001) per +1 log10 copies/mL increase in viremia. magnitude of plasma viremia at the time of mosquito bloodfeeding and the prevalence of mosquitoes with infectious saliva 14 d later. This dose-dependency between plasma DENV RNA concentrations and the prevalence of infectious saliva 14 d after blood-feeding were consistent with the finding that DENV RNA concentrations in Ae. aegypti abdomen tissues were positively correlated with the patient's plasma viremia level. Taken together, these data suggest that when Ae. aegypti acquires a blood meal from a highly viremic human host that there is relatively faster accumulation and dissemination of DENV in the mosquito body, and critically, a higher probability that infectious virus will be present in saliva 14 d after blood feeding. The importance of viremic blood meals that result in mosquitoes becoming infectious within 14 d is underscored by the ∼3-to 4-wk median lifespan of Ae. aegypti (22) and the inevitability that a proportion of mosquitoes that feed on a DENV viremic human host at a random time in the insect's lifespan will die before becoming infectious.
In the setting of this study, a majority of symptomatic ambulatory dengue patients presenting to an outpatient clinic with 3 d or less of illness history had DENV viremia levels above the MID 50 . These cases remain in the community for the duration of their illness and are not captured by public health dengue case surveillance systems (that typically count hospitalized cases only) but are clearly potential sources of onward DENV transmission. Notwithstanding the strong evidence that dengue cases are infectious to mosquitoes before the onset of symptoms (10, 11, 13, 14) , public health efforts should include preventing ambulatory index cases from being sources of further DENV transmission.
This study used low-passage, field-derived Ae. aegypti for randomized exposure to a large cohort of well-characterized dengue cases. We investigated transmission dynamics in NS1-positive, hospitalized dengue patients, yet the profiles of viremia in these cases were similar to ambulatory dengue cases being managed through a primary health care facility, suggesting the overall conclusions regarding transmission probably extend to ambulatory patients as well. There are several caveats to our study. Although sampled from the same district of HCMC, the two cohorts of field-derived Ae. aegypti used in this study were unlikely to be genetically identical populations; whether this contributed materially to the experimental variance is unknown. Additionally, the data described here may be specific to the combination of Ae. aegypti from HCMC, Vietnam, and to the viral genotypes that were prevalent during the study period. We did not explore whether ambulatory cases with mild febrile viremic infections, but who never presented to health care, or individuals with asymptomatic DENV infections, can transmit to Ae. aegypti. However, we speculate such cases will be much less likely to transmit DENV because they are likely to have lower and shorter viremias than symptomatic dengue cases. Human movement is a factor in the spatial dissemination of DENV (23), and it is plausible that ambulatory cases with mild febrile viremic infections might be more mobile and have a higher frequency of contact with Ae. aegypti than cases who are clinically more unwell; more research is needed in this area.
The challenge of developing an efficacious dengue vaccine (24, 25) underscores why continued research into DENV infection, transmission, and immunity remains important. Further insights into the transmission dynamics between viremic humans and Ae. aegypti should provide opportunities for a range of interventions aimed at reducing the force of infection in dengue endemic countries.
Methods
Patient Cohorts. The study site was the HTD in HCMC, Vietnam. Two sequential cohorts of dengue patients were enrolled for investigation of humanto-mosquito transmission. The inclusion criteria were (i) adult patients (≥15 y of age) with ≤72 h of fever in whom there was a clinical suspicion of dengue, (ii) a positive NS1 rapid test result, and (iii) written informed consent. Exclusion criteria were (i) pregnancy (determined by clinical examination or urine dipstick test for β-human chorionic gonadotropin), (ii) patients in intensive care units, (iii) intellectual disability, (iv) a history of severe hypersensitivity reactions to mosquito bites, or (v) severe dermatological conditions. The primary cohort of 213 dengue patients was enrolled between April and December 2011. The follow-up cohort of 72 dengue patients was enrolled between July and October 2012. In both cohorts, serial venous blood samples were collected for 5 consecutive days from the day of enrollment for serological and virological investigations. An independent cohort of predominantly ambulatory dengue cases was enrolled in the International Research Consortium on Dengue Risk Assessment, Management and Surveillance study (ClinicalTrials.gov #NCT01550016) in the outpatients department of HTD between October 2011 and November 2012. The inclusion criteria were (i) presentation to the outpatient clinic with fever or history of fever for ≤72 h, (ii ) clinical symptoms consistent with possible dengue (i.e., suspected dengue and/ or undifferentiated fever in a patient from a dengue endemic area, (iii ) age ≥5 y, and (iv) written informed consent. Exclusion criteria were (i ) localizing features suggesting an alternative diagnosis or (ii ) judgment by a physician that the patient is unlikely to attend daily follow-up. Case severity was classified according to 2009 World Health Organization classification criteria (26) . Demographic and clinical information were recorded prospectively in a standard case record form. All patients provided written informed consent to participate in the study. The study protocols relevant to this work were reviewed and approved by the DENV E Gene Sequencing and Phylogenetic Inference. Multiple overlapping amplimers spanning the DENV E gene were generated by RT-PCR directly from RNA extracted from plasma samples (primers available upon request), and sequencing was performed by standard Sanger sequencing methods. To place these sequences in a global context, E gene sequences representing the global genetic diversity of DENV-1 and DENV-2 were collated from GenBank and manually aligned using Se-AL (http://tree.bio.ed.ac.uk/software/seal/). Publicly available sequences were then subsampled to represent the global diversity of DENV-1 (n = 106) and DENV-2 (n = 173), focusing on the viral genotypes circulating in our study population. Serotype-specific phylogenies were inferred for the subsampled alignments using the maximum likelihood method available in RAxML (27) , using the GTRGAMMA model with 500 bootstrap replicates and visualized using FigTree (http://tree.bio.ed.ac.uk/ software/figtree/).
Ae. aegypti for Human to Mosquito Transmission Studies. All of the mosquitoes that were fed on dengue patients were from two independent F3 populations, each derived from pooled larval collections sampled from three discrete locations in District 8 of HCMC. Repeated sampling from the same geographic area was designed to minimize to a level that was practical the genetic differences between each F3 population. Briefly, field-caught Ae. aegypti larvae were pooled and fed commercial dry fish and dog food. Adults (F1 generation) were kept in cages containing males and females in an environmental chamber with 12:12 light:dark hours, 27°C, and 70% relative humidity. F1 females were provided blood meals by direct feeding on afebrile healthy volunteers for multiple gonotrophic cycles over a period of 45 d. Sucrose (15%) was provided ad libitum. Eggs from F1 females were hatched and reared and the subsequent F2 females provided with human blood meals for multiple gonotrophic cycles as described above. When female F2 mosquitoes were 12 d of age they were killed and pooled into groups of 10 mosquitoes. Each pool was homogenized and tested, along with appropriate controls, by RT-PCR to confirm the absence of DENV, Japanese encephalitis virus, and chikungunya virus. Eggs collected and stored from F2 females were the source of F3 females (3-7 d old) that were used for direct feeding on dengue patients.
Experimental Exposure of Patients to Ae. aegypti Mosquitoes. After obtaining informed consent, each patient was assigned a schedule of two exposures to Ae. aegypti mosquitoes on two different study days during the first 4 d of enrollment. The schedule of exposures was randomly generated and was blinded to the participant and investigators until the time point that the study number was assigned to the patient. The randomized schedule for exposures was weighted (29% to each of day 1, 2, and 3 and 13% on day 4). At each allotted time point, the patient's forearm was exposed to 25-40 female 3-to 7-d-old Ae. aegypti mosquitoes contained in a mesh-covered 350 mL plastic cup that was held against the patient's forearm for 5 min. Mosquitoes were then cold anesthetized at 4°C for 45 s and engorged mosquitoes transferred to 500 mL plastic cups and maintained in an environmental chamber with 12:12 light:dark hours, 27°C, and 70% relative humidity for 12 d (cohort 1) or 14 d (cohort 2); the incubation time was determined by available human resources. The number of dead mosquitoes was recorded daily.
Clinical Adverse Events. Postexposure severe adverse events were defined as any event that was clinically significant (i.e., requiring a clinical intervention, prolonged hospitalization, or admission to intensive care unit) that was possibly, probably, or definitely related to experimental exposure to Ae. aegypti mosquitoes.
Detection of DENV in Mosquito Tissues and Saliva. All laboratory assays of insects were performed by technicians blinded to the clinical and virological details of the patients. Mosquitoes were killed by cold exposure. The abdomen was dissected from the rest of the mosquito body and suspended in 0.5 mL of mosquito diluent [2% (v/v) heat-inactivated FCS in RPMI1640, antibiotics, and antimycotics]. Individual mosquito abdomens were homogenized with 1 mm zirconia/silica beads for 15 min at 30 Hz using a TissueLyser II (Qiagen). Mosquitoes were scored as being DENV-infected using a quantitative, internally controlled RT-PCR assay (28) on homogenized tissue and the results expressed as copies per tissue.
Infectious virus in the saliva of individual mosquitoes was detected by placing the proboscis of dewinged and delegged mosquitoes into the end of the micropipette tip containing 6 μL of filtered saliva medium (a 1:1 solution of 15% (v/v) sucrose in normal saline and inactivated FCS) for 30 min at room temperature. After 30 min the 6 μL of saliva medium was ejected and then drawn into a pointed glass capillary tube (tip diameter <0.3 μm). The volume of saliva medium derived from one mosquito was then injected into the thorax of four to six Ae. aegypti mosquitoes (4-7 d old, ∼1 μL injected per mosquito) and the injected mosquitoes maintained for 7 d in an environmental chamber with 12:12 light:dark hours, 27°C, and 70% relative humidity. After 7 d the injected mosquitoes for each saliva sample were killed and the bodies pooled, homogenized, and tested by quantitative RT-PCR for DENV infection, with saliva samples scored as positive or negative depending on this result.
Virological and Immunological Investigations. A venous blood sample was drawn within 30 min of every mosquito exposure. Measurements of DENVreactive IgM in these plasma specimens were performed using an IgM antibody capture ELISA (Panbio) according to the manufacturer's instructions. Measurements of IgG antibodies to DENV recombinant E (recE) proteins (Hawaii Biotech) or recE DIII (gift from Jane Cardosa Universiti Malaysia, Sarawak, Malaysia) in plasma specimens matched to the time points of mosquito exposure were performed by indirect ELISA. End point titers were defined as the reciprocal of the dilution that yielded an optical density of 0.3 after subtracting the absorbance obtained for the uncoated wells.
Dengue Diagnostics. Classification of primary and secondary dengue was based on serology results (IgM and IgG antibody capture ELISAs; Panbio) on study day 5, with IgM/IgG ratios >1.8 interpreted as primary infection and <1.2 interpreted as secondary infection. IgM/IgG ratios <1.8 but >1.2 were called indeterminate. DENV plasma viremia levels were measured by a validated, quantitative RT-PCR assay that has been described previously (28) and used in recent clinical trials (29, 30) . In the validation process the RT-PCR assay was calibrated against infectious virus (grown in insect cells), and the ratio between genome copies per mL and plaque-forming units per mL was 214:1 for DENV-1, 73:1 for DENV-2, 436:1 for DENV-3, and 101:1 for DENV-4.
Statistical Analysis. The proportion of infected mosquitoes at each exposure was modeled as depending on patient-and exposure-specific covariates based on marginal logistic regression models. Robust SEs were used throughout to account for potential within-patient correlation due to multiple exposures as well as overdispersion. MID 50 s (plasma viremia levels corresponding to a 50% probability of human-mosquito transmission) were derived on the basis of the logistic regression coefficients, and corresponding 95% confidence intervals were calculated on the basis of the delta rule.
